ABSTRACT: This study presents the sustainability assessment of two alternate earthretaining structures: cantilever retaining wall and mechanically stabilized earth (MSE) wall over their respective life cycle period. Sustainability evaluation of both retaining structures is performed based on three commonly employed assessment pillars, which are environmental, economic, and social impacts. The environmental impact assessment of cantilever wall and MSE wall is performed by considering various life cycle stages of both systems that cover raw material acquisition, construction, maintenance, and demolition efforts. For design purposes, total wall span, wall height, subsurface soils and backfill soil profiles of both earth-retaining structures are considered to be the same. Technical designs of both earth-retaining structures are carried out based on limit equilibrium method, and it is found that both earth-retaining structures are safe against failure criterion, such as, sliding along the base, overturning about the toe, and bearing failure capacity. The life cycle assessment (LCA) is conducted using SimaPro 8.0 software, related databases and impact assessment methods. It is observed that potential environmental impacts, such as global warming, acidification, and smog are primarily influenced by the concrete and steel production along with the diesel used for transportation and on-site machinery due to mineral extraction, refining, and required energy inputs for processing. Based on the LCA, it is assessed that MSE wall is more environmentally sustainable than cantilever retaining wall. Subsequently, economic evaluation and social impact analyses are conducted for the two retaining structures and the results are compared. It is concluded that the mechanically stabilized earth (MSE) wall is overall more sustainable than the cantilever retaining wall in terms of environmental, economic, and social aspects over their entire life cycle.
INTRODUCTION
Retaining structures are essential elements of every highway design. In geotechnical practice, retaining structures are specifically used for protecting permanent and temporary excavations for slope stabilization. For many years, retaining structures were mostly made of reinforced concrete and were designed as gravity or cantilever walls. Such systems are essentially rigid structures, and therefore, not able to accommodate significant differential settlements unless founded on deep foundations. With increasing height of soil to be retained and subsequent poor subsoil conditions, the cost of reinforced cantilever retaining walls increases rapidly. On the other hand, mechanically stabilized earth (MSE) walls are relatively cost-effective soil-retaining structures that Page 2 can tolerate larger settlements than cantilever walls. Currently, the selection of retaining wall system is based mainly on stability analysis, cost, and preference. However, overall sustainability aspects are rarely considered in the selection of the retaining systems. In particular, various life cycle stages such as raw material acquisition, manufacture, construction, maintenance, and final disposal options are not addressed.
Recently, the concept of embodied energy has comprehensively been utilized in assessing the environmental impacts of different geosystems (e.g., retaining walls, pile foundations, tunnels, office buildings) as part of life cycle analysis (Chau et al., 2006; Soga et al., 2011) . However, the overall assessment for sustainability of geosystems, incorporating environmental, societal, and economic consideration, is often not been performed. Therefore, in this study, two alternate earth retaining structures, namely cantilever wall and MSE wall were assessed for their overall sustainability during various life cycle stages of raw materials acquisition and manufacturing, transportation, construction, maintenance, and final materials recycling/disposal. Triple bottom line sustainability concept considering environmental, social, and economical aspects was adopted for both earth retaining structures. Environmental impacts were investigated by life cycle assessment (LCA) by SimaPro 8.0 software for entire life cycle. Economic and social sustainability of both retaining structures was also studied in detail.
METHODOLOGY Subsurface Soil Profile
The project site was located in Chicago and it consisted of native silty clay with coarse to fine sands as foundation soils. A free-draining granular soil was selected as backfill material for both wall systems. The same soil profiles were used for both wall systems. The typical values of unit weight, cohesion and friction angle were 18.5 kN/m 3 , 25 kPa, and 30˚ for foundation soil, while 19 kN/m 3 , 0 kPa, and 34˚ for backfill soil, respectively. The unit weight of concrete was taken as 23 kN/m 3 .
Technical Design
Cantilever Retaining Wall design The dimensions of the cantilever wall were designed to satisfy the stability criteria against sliding, overturning, and bearing capacity failure. A total wall height of 7.9 m and backfill height of 6.5 m was selected (Figure 1a ). Coulomb theory was used to evaluate lateral earth pressures on the retaining wall. Surcharge loads, live loads, and passive earth pressure resistance were neglected. The computed factors of safety against sliding, overturning and bearing capacity were 2.17 (≥ 1.5), 3.1 (≥2), and 6 (≥ 3), respectively.
Mechanically Stabilized Earth (MSE) Wall Design
MSE wall was designed for both external and internal stability. The MSE wall facing and backfill material were taken as a composite structure for external stability evaluation. It was assumed that active earth pressure would act on the back face of the composite structure. The external stability was satisfied by checking stability criteria, and the factors of safety against sliding, overturning, and bearing failure were computed as 2.0 (≥ 1.5), 4.8 (≥2), and 6.3 (≥ 3). The MSE wall found to be externally stable. 
FIG. 1. (a) Reinforced concrete cantilever wall, (b) MSE wall
The MSE wall should support its own weight and other external forces in order to be internally stable (Victor Elias, 2001 ). For internal stability, MSE wall was evaluated for: (a) the pullout resistance of the reinforcement elements at various depths, and (b) the tensile capacity of the reinforcements. Inextensible steel reinforcements rather than geosynthetics were provided for the MSE wall ( Figure 1b ) to avoid long-term deterioration of geosynthetics due to chemical attack and extension of geosynthetics.
Sustainability Assessment
The environmental sustainability was studied by conducting a comprehensive life cycle analysis (LCA) using SimaPro 8 and related databases and impact assessment methods (ISO, 2006; Goedkoop et al., 2010) . In general, life-cycle assessment is a holistic approach for analyzing the potential environmental impacts associated with a product, by: (a) organizing an inventory of potential input and output materials, (b) carrying out impact analysis based on environmental loads associated with those inputs and outputs, and (c) interpreting the results obtained from inventory and impact analysis steps, and identifying the opportunities to reduce overall environmental impacts. In this study, the goal of the LCA was to model the life cycle stages of material acquisition, manufacturing, construction, maintenance and disposal of two alternate retaining systems to evaluate environmental impacts, and investigate which system is more environmental friendly. The assessment was based on a common functional unit of a 100 meter wall span with a wall height of 7.9 meters: the system specific requirements (materials, energy, transport and waste management systems) needed to provide a functional system with expected design life of 50 years. Life cycle inventory consisting of input materials, system boundary, and different unit processes (e.g., pre and post-site processing, on-site operation, maintenance etc.) with inputs were calculated using fundamental LCA principles (ISO, 2006) , are shown in Figure 2 and Figure 3 , respectively, for cantilever Page 5 retaining wall and MSE wall.
The required input granular materials (sand and gravel) were considered to be locally available (within 1 km), while concrete and steel were transported from local manufactures located approximately within 5 km of the site (refer to Table 1). The environmental impact assessment was conducted using TRACI and the EcoIndicator method. TRACI, Tool for the Reduction and Assessment of Chemical and Other Environmental Impacts, is a midpoint oriented LCA methodology developed by the U.S. Environmental Protection Agency specifically for the US using input parameters consistent within US locations (Bare, 2002) . Eco-indicator 99 defines three types of environmental damage: human health, ecosystem quality, and resources. Each damage category consists of a number of impact categories all measured in the same units, kilo point (kPt). kPt is a standard eco-indictor normalized unit that is used to compare different products or activities affecting environment, and it is defined as total environmental load of a project dividing by the number of inhabitants (Goedkoop et al., 2010) . In addition, kPt shows the relationship between a stressor and its respective impact on environment.
The economic evaluation was performed by considering all the financial life cycle costs that incur for the manufacture and transportation of materials during the life cycle of the two retaining walls. The quantity of materials required for construction of the cantilever retaining wall and MSE wall were calculated along with the transportation and labor costs, and the corresponding life cycle costs were calculated. The costs associated with system disposals were not considered.
Moreover, social impacts of the two retaining structures were evaluated over the entire life stage (premanufacturing, construction, product use, product delivery, and recycling stage). Standard social indicators and methods to quantify them are not established; therefore, the general social sustainability framework proposed by BenoitNorris et al. (2011) was adapted for this study. Figure 4 shows the environmental impacts for both retaining systems based on Eco Indicator 99. Higher value corresponds to more adverse (negative) environment effects. It is found that in case of cantilever wall, concrete is the primary contributor (56.7%) in the environmental impact assessment followed by reinforcing steel (37.4%). In case of MSE wall, the primary contributor was reinforcing steel (63.2%), followed by granular backfill material (21.1%). Figure 4 clearly indicates that for each impact category, cantilever wall caused more damage to environment and human health than the MSE wall. Furthermore, three impact variables, namely respiratory inorganics, fossil fuels and usage of land contributed the most to adverse environment scenarios. Impacts of land use are inversely proportioned to locally available input materials (e.g., soils), therefore, a cantilever wall caused more adverse environmental impact than MSE wall.
RESULT AND DISCUSSION

Environmental Sustainability
FIG. 4. Environmental impact of different variables for retaining systems
Human health, ecosystem quality, and resources were considered for damage potential associated with cantilever wall and MSE walls based on Eco Indicator 99 method ( Figure 5 ). Based on the results, it is shown that a cantilever wall has higher damage potential for environment compared to an MSE wall. Since, factors such as global warming, acidification, and smog are primarily influenced by the concrete and steel production along with the diesel used for transportation and on-site machinery due to mineral extraction, refining, and required energy inputs for processing. Also, in human health setting, damage potential associated with a cantilever wall is 225 kpt, which is approximately nine times (25 kpt) the damage potential as a result of MSE wall mainly due to high usage of concrete and steel in cantilever wall. Ecosystem quality seems to have the least potential to cause environmental damage in the case of both the earthretaining structures.
Similarly, TRACI method was used for impact variable characterization ( Figure 6 ) and disposal potential evaluation (Figure 7) . Impact assessment scores are normalized to differentiate the impacts of each impact category for both retaining systems. Positive scores on y-axis represent greater environmental impact due to a specific impact category. Negative scores represent (Figure 7 ) useful byproducts during the waste processing as these products can further be recycled. Similar to the Eco Indicator method, TRACI also confirms that a cantilever wall would have more adverse impact on environment and human health than a MSE wall during their entire life cycle. In addition, Figure 7 shows more disposal potential as a result of a cantilever retaining wall than a MSE wall. Therefore, these results conclusively demonstrate that the MSE wall to be overall more environmental friendly than the cantilever wall.
FIG. 5. Damage assessment for retaining structures, Eco Indicator
FIG. 6. MSE vs. Cantilever life cycle impact assessment, TRACI Economic Sustainability
The economic aspects of retaining walls include the material, transportation, labor, and construction costs. The costs of these project elements were obtained from several Page 8 suppliers and construction databases. Overall costs for cantilever and MSE walls are shown in Table 2 and Table 3 , respectively. Results show that MSE wall is more costeffective than a cantilever retaining wall. Only the direct costs are included here. However, for sustainability the indirect costs and benefits, including the environmental costs, should be accounted. (Table 4) for a general assessment of potential impacts on society by the both retaining structures throughout their entire life cycle. The social matrix scoring is given from 0 to 4, where 0 -highest impact, 1-substantial impact, 2-moderate impact, 3-minimum impact, and 4-no impact. It should be recognized that the social indicators and scoring is subjective, but provide the basis for assessment of social issues that otherwise are often ignored. The social matrix used in this study demonstrates an approach to assess the sustainability. Based on the results (Table 4) , MSE wall was found to be more socially viable than cantilever wall.
FIG. 7. MSE vs. Cantilever life cycle disposal assessment, TRACI
(LCA) using SimaPro 8.0 software implementing Eco-Indicator method and TRACI method. Results demonstrated that the MSE wall was more environmental friendly than the cantilever retaining wall. A social sustainability matrix was developed and applied to assess the retaining systems and found that MSE wall is more socially sustainable than the cantilever wall. It should be recognized that social sustainability assessment is subjective and requires a careful consideration of different societal aspects depending on the project-specific conditions. An economical assessment, based mainly on the direct costs, showed that the cantilever retaining wall is costlier than the mechanically stabilized earth wall. This is due to the fact that construction of the cantilever retaining wall uses much more materials than the MSE wall. Other direct and indirect costs and benefits, including environmental costs, are not considered in this assessment. Overall, this study concluded that the MSE wall is more sustainable than the cantilever retaining wall in terms of environmental, economic, and social aspects over its entire life cycle for the specific site specific conditions considered.
